Comparative Study of Circular and Hexagonal Antenna Array Synthesis Using Improved Particle Swarm Optimization  by Bera, Rajesh et al.
 Procedia Computer Science  45 ( 2015 )  651 – 660 
Available online at www.sciencedirect.com
1877-0509 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of scientific committee of International Conference on Advanced Computing Technologies and 
Applications (ICACTA-2015).
doi: 10.1016/j.procs.2015.03.126 
ScienceDirect
International Conference on Advanced Computing Technologies and Applications (ICACTA-
2015) 
Comparative Study of Circular and Hexagonal Antenna Array 
Synthesis using Improved Particle Swarm Optimization 
Rajesh Beraa, Ragini Lanjewara, Durbadal Mandala, Rajib Kara , Sakti Prasad Ghoshalb 
aDepartment of Electronics and Communication Engineering, bDepartment of Electrical Engineering 
a,bNational Institute of Technology Durgapur, West Bengal, India 
Abstract 
This paper describes the comparison of the performance of Circular array (CA) and Hexagonal Array (HA) of uniformly excited 
isotropic antennas which can generate directive beam with minimum relative Side Lobe Level (SLL). The Improved Particle Swarm 
Optimization (IPSO) method, which represents a novel approach for optimization problems in electromagnetic, is used in the 
optimization process. Two examples has been presented and solved. In first example, the IPSO is used to determine an optimal set 
of ‘ON-OFF’ elements in an 12 element thinned array, and in second example, IPSO is used to determine an optimal set of 
amplitude distributions in an 18 element array that provide a radiation pattern with maximum SLL reduction. This paper is basically 
concerned with the comparison of the performance of thinned CA and HA in terms of SLL by fixing the other array design variable.  
Numerical results for synthesizing two different array geometries demonstrated the superiority of Hexagonal Array over the 
Circular Array for both the examples. 
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1. Introduction 
In many practical applications, to meet the requirements of long distance communication, it is necessary to design 
antennas with very high directivity which can be achieved by shaping an assembly of radiating elements in electrical  
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and geometrical arrangement which is referred to as an array. Antenna array has been extensively used in a wide range  
of applications including direction finding, scanning, radar, sonar, and wireless communications [1]. They are 
constructive in high power transmission, low power consumption and enhanced spectral efficiency.  
The usage performance of a single antenna is limited as gaining characteristics in antenna patterns like high 
directivity, low side lobe level, narrow beam width and the pattern form being suppressed in certain angles. As antenna 
array pattern enable to provide the features desired in the overall array properties such as directivity, gain, direction of 
maximum directivity, SLL etc. can be controlled with the arranging of the number of elements in array, spacing 
between them, element’s amplitude and phase and the appropriate designing of the array geometry, they are commonly 
used in practical applications.  
Side lobes have low gains and point in various directions. The increasing pollution of the electromagnetic 
environment has encouraged the study of array pattern mulling techniques. These techniques are very important in 
radar, sonar and communication systems for minimizing degradation in signal-to-noise ratio performance due to 
undesired interference. 
In wireless communication, one of the most recent inventions to overcome the problem of increasing demand for 
capacity is to deploy smart antenna [2-4]. Smart antennas have also adaptability to introduce new services, increased 
range, faster bit rate, multi use interference, space division multiplexing (SDMA), more security, reduction of errors 
due to multipath fading etc.  
A linear array has high directivity and it can form the narrowest main-lobe in a given direction, but it does not 
perform efficiently in all azimuth directions. Directional patterns synthesized with a circular array can be electronically 
rotated in the plane of the array without a considerable change of the beam shape [5] because a circular array does not 
have edge elements. But the circular array pattern has no nulls in azimuth plane. But the array pattern should have 
several nulls in the azimuth plane for smart antenna applications to reject Signals-Not-of-Interest (SNOI). Elliptically 
shaped arrays [6] can be used instead of circular arrays [7] for this implementation. Concentric arrays are utilized in 
[8, 9] to lessen the side-lobe levels. The concept of hexagonal antenna array application in wireless communication is 
introduced in [10]. 
Array thinning involves the removal (switching off) off some radiating elements from a uniformly spaced or periodic 
array antenna to generate a pattern with low SLL. In this method, the locations of the elements are fixed and all the 
elements have two states either “on”(active) or “off”(removed) depending on whether the element is connected to the 
feed network or not. All of the active elements are fed with equal amplitude currents, while the remaining elements 
are turned off.  In the “off” state, either the element is passively terminated to a matched load or open circuited. It is 
equivalent to removing elements from array if there is no coupling between them. The main objectives of array thinning 
are the reduction of cost, weight and power consumption where performance of array is not significantly degraded. 
There are many published articles [11-14] dealing with the synthesis of array thinning.  
There are several disadvantages when using classical optimization methods. Some of them are: i) when the number 
of solution variables i.e. the size of the solution space increase, starting point is highly sensitive because the solution 
of an optimization problem solved using a classical method depends on the arbitrarily chosen initial solution, ii) 
requirement of continuous and differentiable objective functions because discrete variables are difficult to handle using 
classical methods of optimization, iii) a particular classical optimization method may not be appropriate to solve 
various problems, etc. Thus, it is necessary to develop an efficient and robust optimization method. There are various 
evolutionary optimization techniques such as Genetic Algorithm (GA) [12], Particle Swarm Optimization (PSO) [15-
18], Ant Colony Optimization (ACO) etc. for optimization of complex, highly nonlinear, discontinuous and non-
differentiable array factor of antenna array which do not suffer from above disadvantages.  
2. Design equations 
The far field pattern of an array in general form can be defined as [1] 
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Where, N = number of isotropic elements; An = excitation amplitude of n th element; αn = relative phase of n-th 
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element; Rn = position vector of n-th element which depends on array geometry; ar = unit vector of observation point 
in spherical coordinate and k = wave number. 
Figure 1 depicts the geometry of a circular array (CA) of N- element isotropic sources is laid on x-y plane having a 
radius r and scanning at point P in the far field. The array factor of an N-element circular array with its centre at the 
origin of x − y plane is given by (2) [3].  
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where, An = relative amplitude of n-th element in the circular array; r = radius of the circle; azimuth angle M  is the 
angle between the positive section of x axis and the observation point in the space; elevation angle T  is the angle 
between positive section of z axis and the observation point in the space; nM = Nn /)1(2 S  is the angle in the x − 
y plane between the x axis and the n-th element and k is the wave number. 
                          
              Fig. 1.  Circular Array (CA) Structure.          
The hexagonal array (HA) can be treated as consisting of two concentric N-element circular arrays of different radii 
r1 and r2, as the peripheral curve of its vertices is a circle. Figure 2 shows the geometry of a regular hexagonal array 
with 2N elements (N = 6), of which N number elements are located at the vertices of the hexagon and the other N 
elements are located at the midpoints of the sides of the hexagon. Using equation (1), equation (2) and above 
explanation, the array factor of the hexagonal array is expressed by: 
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where de is the inter-element spacing along any side of the hexagonal array; Nnn /)1(21  SM  is the angle in the x 
- y plane between the x axis and the n-th element at the vertices of the hexagon; Nnn /12 SMM   is the angle in the x 
- y plane between the x axis and the n-th element at the middle of each line of the hexagon; An and Bn are the relative 
amplitudes of n-th element placed at the vertices and the middle of the hexagon, respectively. 
       Fig. 2.  Hexagonal Array (HA) Structure.          
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3. Improved Particle Swarm Optimization (IPSO) 
References The Improved Particle Swarm Optimization (IPSO) method, which represents a novel approach for 
optimization problems in electromagnetic, is used in the optimization process. The detail of PSO is not given; some 
references on PSO are given in [15-18].  
As IPSO implemented for the optimization of current excitation weights of the CA and HA is given in [19-21]. So, 
the steps of IPSO are not given described due to space limitation.  
The first and most important parameter in antenna pattern synthesis is the normalized sidelobe level that is desired 
to be as low as possible. Two different Fitness functions have been formulated in equation (5) and equation (6) for the 
synthesis of two examples of two different type of amplitude distributions.  
First optimization task in the array designing problem is modeled as a minimax problem i.e. minimization of 
maximum SLL. Cost Function (CF) is formulated to meet the corresponding design goal as follow: 
|}))(|log20min(max{1 TAFCF                                            (5) 
Subject to   ^ ]`90,[&],90[ $$$$ FNFNT                                    
where ‘FN’ is the first null in degree in a particular array pattern. 
Second Cost Function (CF2) is formulated to meet the corresponding designing goal as follow.  
CF2= C1[(SLLc- SLLd) ] + C2[(FNBWc- FNBWd)]                                                                                                     (6) 
Where, SLLd & SLLc are desired and computed value of SLL and FNBWd & FNBWc are desired and computed value 
of FNBW respectively. The first term in (6) is used to reduce the SLL to a desired level. The second term in (6) is 
introduced to keep FNBW of the optimized pattern to a desired level which is not exceeds more than 25% of reference 
pattern in this particular case. In (6), SLLc & SLLd are refer to the computed SLL for the uniform excitation (In=1) 
case and desired value of SLL for non-uniform excitation case, respectively. Similarly, the two beamwidths FNBWc 
and FNBWd refer to the computed first null beamwidth for the uniform excitation (In=1) case and desired value of 
FNBW for non-uniform excitation case, respectively. C1 and C2 are weighting coefficients to control the relative 
Importance of each term in (6). Because the primary aim is to achieve a minimum SLL, the value of C1 is higher than 
the value of C2.  
The population size using IPSO, by which the antenna array is optimized, is 50 and maximum number of iteration 
cycle is 100. The minimum CF values against number of iteration cycles are recorded to get the convergence profile 
of the algorithm. 
4. Computational results 
In order to compare the performances of Circular array (CA) and Hexagonal Array (HA) of uniformly excited 
isotropic antennas which can generate directive beam with minimum relative SLL, we considered two different 
optimization problems. 
In the first example, a CA and a HA of 12 elements which are symmetrical with respect to the origin is placed on 
the x-y plane. Here, IPSO is employed to determine an optimal set of ‘ON-OFF’ elements in order get the array  that 
provide a radiation pattern with maximum SLL reduction. In this example, Cost Function CF1 is used for the synthesis 
of the array using IPSO. 
In this example, three cases are considered for three different values of inter-element spacing in the array. In the 
first case, we chose an inter-element spacing is 0.5λ for both CA and HA. Similarly, we chose an inter-element spacing 
of 0.55λ and 0.6λ for the second and third case, respectively. 
Comparative study of performances of 12 elements optimized thinned CA and HA with variation of spacing between 
the elements in the array is tabulated in Table I. The optimal excitation amplitudes for the three cases of thinned CA 
and HA using IPSO are shown in Table II and Table III respectively. 
IPSO is applied to compute the distributions of the ‘ON’ and ‘OFF’ elements. Thinning is the ratio of the number 
of ‘OFF’ elements to the total number of elements in the array.   
Figure 3, 4 represents the normalized power patterns for the first case with maximum SLLs equal to -18.03 dB and 
-23.85dB for CA and HA, respectively. Figure 5, 6 represents the normalized power patterns for the second case with 
maximum SLLs equal to -13.28 dB and -18.03 dB for CA and HA, respectively. Similarly, Figure 7, 8 represents the 
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normalized power patterns for the third case with maximum SLLs equal to -10.20 dB and -12.95 dB for CA and HA, 
respectively. Maximum SLLs of thinned arrays using IPSO are also lower than those of the fully populated arrays in 
all the cases. Table I shows that for various values of element spacing, thinned HA gives lower SLL response than 
thinned CA of same size.  So, for any variation of element spacing, hexagonal array antenna may give better SLL as 
well as percentage of thinning than the circular array.  
Table I: Results of SLL and number of ‘ON’ elements for thinned circular and hexagonal array obtained by IPSO 
Inter-element  
spacing 
d (λ) 
Thinned circular array 
(CA) 
Thinned hexagonal 
array (HA) 
Max. SLL 
(dB) 
No. of ‘ON’ 
elem. 
%  of 
thinning 
Max. SLL 
(dB) 
No. of ‘ON 
elem. 
% of 
thinning 
0.50 -18.03 8 33.33 -23.85 6 50.00 
0.55 -13.28 9 25.00 -18.03 8 33.33 
0.60 -10.20 9 25.00 -13.95 9 25.00 
                     Table II: Excitation amplitude distribution using IPSO for the three cases of 12 elements CA 
Inter-element spacing 
d (λ) 
Distribution of ON 
and OFF elements 
Max. SLL 
(dB) 
First Null Beam  
Width (FNBW) in Degree 
0.5 1 1 0 1 0 1 1 1 0 1 0 1 -18.03 39.6 
0.55 1 1 1 1 0 1 1 1 0 1 0 1 -13.28 
 
32.6 
0.60 1 1 1 0 1 1 1 1 0 0 1 1 
 
-10.20 30.8 
   Table III: Excitation amplitude distribution using IPSO for the three cases of 12 elements HA 
Inter-element 
Spacing d (λ) 
 
Placement of 
elements 
Distribution 
of ON and OFF 
elements 
Max. SLL 
(dB) 
 (FNBW) in degree 
0.5 vertices 1 0 0 1 0 1 -23.85 59.6 
midpoint 0 1 0 0 1 1 
0.55 vertices 1 0 0 0 0 0 -18.03 39.6 
midpoint 1 1 0 0 1 1 
0.60 vertices 1 0 1 0 1 0 -13.95 32.0 
midpoint 1 0 0 0 1 1 
 
         
      Fig. 3. Normalized absolute power patterns for the  optimized 
      thinned CA with fixed inter-array spacing, d = 0.5λ. 
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Fig. 4. Normalized absolute power patterns for the  optimized 
thinned HA with fixed inter-array spacing,  d = 0.5λ. 
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           Fig. 5. Normalized absolute power patterns for the  optimized  
           thinned CA with fixed inter-array spacing,  d = 0.55λ.  
 
        
            Fig. 7. Normalized absolute power patterns for the optimized  
            thinned CA with fixed inter-array spacing, d = 0.60λ.  
 
In the second example, a circular array (CA) and a hexagonal array (HA) of 18 elements which are symmetrical 
with respect to the origin is placed on the x-y plane. IPSO technique is used to determine an optimal set of non-
uniformly excited array that provide a radiation pattern with maximum SLL reduction. In this example, Cost Function 
CF2 is used for the synthesis of the array using IPSO. 
Here also three cases are considered for three different values of inter-element spacing in the array. In the first case, 
spacing between elements is 0.5λ for both CA and HA. Similarly, for the second and third cases, spacing is 0.55λ and 
0.6λ respectively. 
The optimal non-uniformly excitation amplitudes for the three cases of thinned CA and HA using IPSO are shown 
in Table IV and Table V respectively. So, for various values of element spacing, optimized HA gives lower SLL 
response than optimized CA of same size which is clearly shown in Table IV & V.  
Figure 9, 10 represents the normalized power patterns for the first case with maximum SLLs equal to -19.32 dB and 
-20.97dB for CA and HA, respectively 
Figure 11, 12 represents the normalized power patterns for the first case with maximum SLLs equal to -19.09 dB 
and -10.35dB for CA and HA, respectively. Similarly, Figure 13, 14 represents the normalized power patterns for the 
third case with maximum SLLs equal to -13.92 dB and -18.79 dB for CA and HA, respectively. Maximum SLLs of 
thinned arrays using IPSO are also lower than those of the fully populated arrays in all the cases.. In Figure 15 & 16, 
two bar graphs shows the comparison of SLL performances of 12 and 18 element arrays, respectively, obtained by 
IPSO. 
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Fig. 6. Normalized absolute power patterns for the  optimized  
thinned HA with fixed inter-array spacing, d = 0.55λ.  
Fig. 8. Normalized absolute power patterns for the optimized  
thinned HA with fixed inter-array spacing, d = 0.60λ.  
657 Rajesh Bera et al. /  Procedia Computer Science  45 ( 2015 )  651 – 660 
        Table IV: Excitation amplitude distribution using IPSO for the three cases of 18 elements CA 
Inter-element 
spacing 
d (λ) 
Amplitude Distributions 
 
Max. SLL 
(dB) 
First Null Beam 
Width (FNBW) in 
Degree 
0.5 0.5911    0.9328    0.5459    0.0004    0.1723    0.1743    0.3433    0.4674  
0.4990    0.9719    0.8548    0.5865  0.0211    0.5740    0.0788    0.1039    
0.3833    0.8560 
-19.32 
 
29.20 
0.55 0.9082    0.7127    0.2968    0.2055    0.0621    0.3585    0.1052    0.9111  
0.8395    0.9323    0.6752    0.5890  0.1123    0.4310    0.1007    0.0944    
0.5369    0.8688 
-19.09 
 
26.80 
0.60 0.9564    0.8996    0.2753    0.1471    0.5347    0.6476    0.1906    0.8181  
0.8283    0.8221    0.7581    0.7448  0.5304    0.7108    0.2331    0.1318    
0.6505    0.6036 
-13.92 19.60 
      Table V: Excitation amplitude distribution using IPSO for the three cases of 18 elements HA 
Inter-
element 
Spacing d 
(λ) 
Placement 
of 
elements 
Amplitude Distributions 
 
Max. 
SLL 
(dB) 
 (FNBW) in 
degree 
0.5 
Vertices (An) 0.7944    0.1808    0.0123    0.7907    0.0422    0.0245 
-20.97 37.60 1st position (Bn) 0.9034    0.0896    0.9935    0.8093    0.0536    0.3195 
2nd position (Cn) 0.0320    0.2254    0.7861    0.6373    0.2386    0.7756 
0.55 
Vertices (An) 0.9557    0.0989    0.2813    0.5445    0.3135    0.0268 
-19.35 31.20 1st position (Bn) 0.7013    0.1148    0.3042    0.9755    0.0671    0.2464 
2nd position (Cn) 0.7837    0.1435    0.9040    0.8107    0.1271    0.6878 
0.60 
Vertices (An) 0.6803    0.0793    0.1181    0.9184    0.0623    0.0427 
-18.79 28.00 1st position (Bn) 0.8973    0.0887    0.8655    0.9261    0.0692    0.7638 
2nd position (Cn) 0.4408    0.6264    0.9014    0.2583    0.2948    0.7879 
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           Fig. 9. Normalized absolute power patterns for the optimized CA 
           with fixed inter-array spacing, d = 0.5λ.  
 
      
 
           Fig. 11. Normalized absolute power patterns for the optimized CA 
           with fixed inter-array spacing, d = 0.55λ.  
       
          Fig. 13. Normalized absolute power patterns for the optimized CA  
          with fixed inter-array spacing, d = 0.6λ.  
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       Fig. 10. Normalized absolute power patterns for the optimized  
       HA with fixed inter-array spacing, d = 0.5λ.  
Fig. 12. Normalized absolute power patterns for the optimized  
HA with fixed inter-array spacing, d = 0.55λ.  
   Fig. 14. Normalized absolute power patterns for the optimized  
   HA with fixed inter-array spacing, d = 0.6λ.  
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           Fig. 15. Comparison of SLL performances of 12 element thinned  
           circular and hexagonal array obtained by IPSO 
          
            Fig. 17. Convergence profile for a 12 element CA using IPSO. 
 
The population size using IPSO, by which the antenna array is optimized, is 50 and the maximum number of iteration 
cycles is 100. The minimum CF values are recorded against number of iteration cycles to get the convergence profiles, 
which are shown in Figure 17 & 18. All computations were done in MATLAB 7.5 on core (TM) 2 duo processor, 3.00 
GHz with 4 GB RAM. 
5. Conclusion 
This paper illustrates IPSO algoritm for amplitude only optimization of 12-element and 18-element Circular and 
Hexagonal Array Antenna of isotropic elements. The simulation results show that the number of antenna array 
elements can be brought down from 12 to 6 using IPSO with simultaneous reduction in Side Lobe Level (SLL). The 
first null beamwidth of the synthesized array pattern with fixed inter-element spacing is very close to that of the fully 
populated array of same shape and size. By comparing the SLL performances of both the array geometry, HA shows 
the better SLL performance as compared to CA. The comparison shows a significant improvement for SLL with 
significant reduction in the number of elements by IPSO, which will reduce the cost of designing the antenna array 
substantially. It is significance noting that although the proposed algorithm is implemented to constrain the synthesis 
of planar array with isotropic elements, it is not limited to this case. The proposed algorithm can easily be implemented 
in non-isotropic element antenna arrays with different geometries to design various array patterns. 
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